1. We recently reported that the activation by UDP of rat P2Y 6 nucleotide receptors expressed in 1321N1 astrocytoma cells protected them from TNFα-induced apoptosis by suppressing activation of caspase 3 and 8. This study aims to characterize the involvement of intracellular signaling pathways, including kinases, involved in the antiapoptotic effect of UDP.
7. Therefore, it is suggested that P2Y 6 receptors in 1321N1 cells, through coupling to PC-PLC and PI-PLC, activate PKC to protect against TNFα-induced apoptosis, in which the activation of Erk is involved in part.
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LIST OF ABBREVIATIONS
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Tricyclodecan-9-yl-xanthate, potassium salt Erk1/2 Extracellular signal-regulated protein kinases 1 and 2 GPCR G protein-coupled receptor GF109203X
[1-(3-Dimethylaminopropyl)-1H-indol-3-yl]-3-(1H-indol-3-yl)-maleimide Gö6976 12-(2-Cyanoethyl) -6,7,12,13,-tetrahydro-13-methyl-5-oxo-5H-indolo[2m,3-a] pyrrolo [3,4-c] carbazole LY294002 2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one MAPK Mitogen-activated protein kinase PC-PLC Phosphatidyl-choline-specific phospholipase C PD98,059 2-(2-Amino-3-methoxyphenyl)-4H-1-benzopyran-4-one PI-PLC Phosphatidyl inositol specific phospholipase C PMA Phorbol 12-myristate 13-acetate PKC Protein kinase C SAPK/JNK Stress-activated protein kinase/c-Jun N-terminal kinase TNF Tumor necrosis factor U0126 1,4-Diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene U73122 1-[6-((17β-3-Methoxyestra-1,3,5(10)-trien-17-yl)-amino)hexyl]-1Hpyrrole-2,5-dione
INTRODUCTION
P2Y 6 nucleotide receptors are activated by UDP, but not by UTP or by adenine nucleotides (Communi et al., 1996; Nicholas et al., 1996) . Like most other P2Y receptors, the P2Y 6 receptor is coupled through Gq to the activation of PLCβ. Activation by the stable agonist analogue UDP-β-S of a P2Y 6 receptor in the rat mesenteric artery results in vasoconstriction (Malmsjö et al., 2000) .
We found that the activation of the rat P2Y 6 nucleotide receptor expressed in 1321N1 human astrocytes was able to prevent TNFα-induced apoptosis (Kim et al., 2002) . Interestingly, UDP did not protect the P2Y 6 -1321N1 cells from cell death induced by other methods, i.e., oxidative stress (H 2 O 2 ) or chemically induced ischemia. In parallel experiments, activation of the human P2Y 4 receptor expressed in the astrocytes did not elicit a protective effect. The interaction of P2Y 6 -receptorinduced mechanisms with the TNFα-related intracellular signals to prevent apoptotic cell death appeared to occur rapidly and early in the process.
Among the several mechanisms of apoptosis, which rapidly and selectively eliminates cells that are no longer needed, is the fine-tuned interaction of cell surface death receptors with their cognate ligands. Currently, five such death receptors are known to regulate cell survival, including tumor necrosis factor (TNF) receptor-1, CD95 (Fas/APO-1), TNF-receptor-related apoptosis-mediated protein (TRAMP), and TNF-related apoptosis-inducing ligand (TRAIL) receptor-1 and -2. The signaling pathways by which these receptors induce apoptosis are rather similar, i.e., association with TRADD or FADD followed by caspase activation (Aggarwal, 2000; Schulze-Osthoff et al., 1998) . The recruitment of these proteins affects intracellular signaling markers, including mitogen-activated protein kinases (MAPKs), such as p44/42 MAPK (Erk1/2), p38 MAPK, and SAPK/JNK. The MAPKinases are implicated in the apoptotic process initiated through death receptors. The kinase JNK has been shown to be involved in the cellular mechanism of apoptotic cell death resulting from certain stimuli, including death receptor activation (Aggarwal, 2000; Ip and Davis, 1998; Javelaud and Besancon, 2001; Minden and Karin, 1997; Tang et al., 2001) . The role of p38 MAP kinase, however, is controversial. The kinase Erk also is believed to control the death receptor signal (Nosaka et al., 2001; Tran et al., 2001; Yazlovitskaya et al., 1999) .
It has been reported that P2Y receptors affect MAPKs under several conditions. When P2Y receptors were activated, JNK was either stimulated (Huwiler et al., 1997; Paul et al., 2000) or inhibited (Paul et al., 2000) , suggesting the effect mediated by P2Y receptors might be cell-specific. Erk can be activated by P2Y receptors (King et al., 1996; Lenz et al., 2000) . It was suggested that Erk activity mediated the mitogenic properties of P2Y receptors (Neary et al., 1996a (Neary et al., ,b, 2001 Tu et al., 2000) . Hou et al. (2002) proposed that the P2Y 6 receptor acts as a growth signal in vascular smooth muscle cells. Erk MAP kinase is activated by growth factors playing a crucial role in cellular proliferation and differentiation (Neary et al., 2001) , and can also negatively regulate JNK and p38 MAP kinase (Cheng and Feldman, 1998; Gardner and Johnson, 1996; Xia et al., 1995) . It is also considered to regulate the death signal from the TNF receptor (Nosaka et al., 2001; Tran et al., 2001; Yazlovitskaya et al., 1999) .
The activation of PKC by various P2Y receptors was reported to mediate their biological effects. Signaling from P2Y receptors to Erk in astrocytes was PKCdependent (Neary, 1996; Neary et al., 2001) . UTP-mediated MAPK activation was also modulated by Ca 2+ , PKC, and tyrosine kinase in cultured C6 glioma cells, which were associated with cell proliferation (Tu et al., 2000) . The activation of endogenous P2Y 2 receptors in CHO cells caused the PKC-dependent phosphorylation and subsequent inactivation of PLC-β3 (Strassheim and Williams, 2000) . PKC is also known to be involved in death receptor-mediated TNFα-induced apoptosis (Laouar et al., 1999; Li et al., 1999) .
Phosphorylation of Akt, dependent on phosphatidylinositol 3-kinase (PI3K), is known to prevent death-receptor-induced apoptosis (Gibson et al., 2002; Hatano and Brenner, 2001; Sautin et al., 2001) . In some cases, ATP or adenosine induced Akt activation or enhanced Akt activation by growth factors such as insulin (She et al., 2000; Takasuga et al., 1999) . In case of the adenosine A 3 receptor, Akt was reported to be involved in the protective effect of the nucleoside against UV-induced apoptosis (Gao et al., 2001) .
Therefore JNK, Erk, Akt, and PKC are hypothesized to have important roles in the biological events resulting from P2Y receptor activation. To probe the mechanism of cellular protection by P2Y 6 receptors in 1321N1 astrocytes, we investigated each of the proposed intracellular markers in relation to the initial steps of receptor activation such as phospholipase C activities and intracellular calcium increase. We found that PKC and Erk1/2 play significant roles in the antiapoptotic effect of the P2Y 6 receptor, and proposed the importance of the receptor in cellular homeostasis and proliferation.
METHODS

Materials
1321N1 astrocytoma cells stably transfected with rat P2Y 6 (rP2Y 6 ) receptors were kindly provided by Dr Robert Nicholas (University of North Carolina, Chapel Hill). Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were from Life Technologies, Inc. (Rockville, MD). HRP-linked anti-mouse IgG and HRP-linked anti-rabbit IgG antibodies, p-p38, and p-JNK were purchased from Cell Signaling Technology (Beverly, MA). Tumor necrosis factor α (TNFα) was purchased from Biosource International (Camarillo, CA). Antibodies for p-Erk, p-Akt, actin, Erk, p-PKCζ (Thr410), p-PKCε (ser729), and p-PKCα (ser657) were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Gö6976, U73122, U0126, and D609 were purchased from Biomol (Plymouth, PA). BAPTA-AM was obtained from Molecular Probes (Eugene, OR). LY294002 was purchased from Upstate (Waltham, MA). All other reagents were purchased from Sigma (St. Louis, MO).
Cell Culture and Preparation
1321N1 cells stably transfected with the rP2Y 6 receptors were grown at 37
• C in a humidified incubator with 5% CO 2 /95% air in DMEM supplemented with 10% FBS, 100 units/mL penicillin, 100 mg/mL streptomycin, and 2 mM L-glutamine. The cells were grown to ∼60% confluence for the experiments.
Induction of Apoptosis
TNFα was used to induce apoptosis. Medium containing 5 µg/mL cycloheximide was added to the cells grown to ∼60% confluence. In all the experiments concerning TNFα-induced cell apoptosis cycloheximide was included. The cells were treated with appropriate concentrations of TNFα for 4 or 16 h. UDP was added as indicated in each figure. Cell death was observed 16 h later.
Western Blots
The cells grew to 60% confluence when the assays were performed. For JNK and p38 MAPK activities, media was changed to fresh media 2 h before each experiment. UDP was added 10 min prior to TNFα addition. After the appropriate treatment, the cells were lysed with lysis buffer (2 mM EGTA, 25 mM β-glycerophosphate, 1% Triton X-100, 10% glycerol, 1 mM DTT, 1 mM Na 3 VO 4 , 5 mM NaF, 10 µg/µL leupeptin, 10 µg/µL aprotinin, 1 mM PMSF, 20 mM HEPES (pH 7.4)) and the lysates were subjected to Western blotting using appropriate antibodies. For Erk and Akt activities, cells were cultured overnight in 0.5% serum-containing DMEM, and then further incubated in serum-free media for 4 h before the experiments. The treatment of chemicals and extraction of proteins for Western blotting were same as above. For the measuring of phosphorylation of each isotype of PKCs, the cells were treated with UDP or PMA as indicated in each figure, and the lysate was immunoblotted using anti-phospho-PKCα (Ser657), PKCε (Ser729), and PKCζ (Thr410).
Cell Death Analysis
After the proper treatment, the cells in the supernatant and the cells detached by trypsin-EDTA were combined and centrifuged. The cells were washed with PBS once and resuspended to 2∼5 × 10 5 /mL in PBS. The cells were treated with propidium iodide solution (final; 2 µg/mL). After 10-min incubation at room temperature in the dark, the cell death ratio was analyzed by flow cytometry (FACSCaliber TM , Becton Dickinson).
RESULTS
Prevention of Cell Death by UDP and PMA
In preliminary experiments, we observed that cotreatment of a PKC inhibitor, GF109203X (Toullec et al., 1991) , at 2 or 4 µM for 16 h increased the TNFα-induced cell death in 1321N1 astrocytoma cells stably expressing the rP2Y 6 -receptor (data not shown). Therefore, activities of PKC appear to be involved in controlling TNFα receptor signals. Indeed, the cells were protected from TNFα-induced cell death upon a 10-min pretreatment with the PKC activator PMA (100 nM), followed by its removal from the media by washing (Fig. 1 ). This implied a role for PKC in regulating cell death signals originating through TNFα receptors.
To understand the role of UDP in activation of PKC, inhibition of PKC in UDPprotected status was investigated. A nonselective PKC inhibitor, GF109203X (2 µM), was added 30 min prior to the addition of TNFα and remained only for the additional 4 h in the presence of TNFα and/or UDP to inhibit the PKC activities without producing its own cytotoxicity; more than a 16-h incubation with 2 µM GF109203X caused cell death (data not shown). In this condition, GF109203X was able to antagonize the protective effect of UDP against TNFα-induced apoptosis in P2Y 6 -1321N1 cells (Fig. 2 ). At the concentration tested, 2 µM, GF109203X did not display its own toxicity and increase the toxicity of TNFα. The effect of GF109203X was usually more pronounced at a lower UDP concentration. The inhibitor of calcium-dependent PKC, Gö6976 (Martiny-Baron et al., 1993) , which inhibits PKCα and β, but does not affect δ-, ε-, or ζ -isotypes, was less effective than GF109203X in suppressing the protection by UDP.
BAPTA-AM and Dantrolene Did Not Antagonize the Protective Effect of UDP
The production of inositol phosphates and the concentration of intracellular calcium have been shown to increase upon the activation of P2Y 6 receptors (Chang et al., 1995; Nicholas et al., 1996) . We have introduced the calcium chelator, BAPTA-AM (12.5 µM), and intracellular calcium depleter, dantrolene (25 µM), to see if calciumdependent PKC is responsible for the P2Y 6 -receptor-induced protective effect. As shown in Fig. 3 , there were no changes in the cell death ratio in the UDP-treated group with either of the calcium modifiers. With higher than 25 µM of BAPTA-AM, cell detachment occurred under the experimental conditions (4-h incubation with Fig. 2 . Effect of PKC inhibitors on protection by UDP against TNFα-induced cell death in P2Y 6 -1321N1 cells. The cells were pretreated with GF109203X or Gö6976 for 10 min, and treated further with TNFα for 4 h in the absence or presence of UDP. Then, old media was replaced with fresh media following washing with PBS. Cell death was observed on the following day (total of 16-h incubation). The media always contained 5 µg/mL cycloheximide. Concentrations of GF109203X, Gö6976, and TNFα were 2 µM, 2 µM and 20 ng/mL, respectively. The degree of cell death was analyzed using a FacsCalibur instrument (Becton Dickinson). Data shown are mean ± SD from a representative result in triplicate, out of three independent experiments. * Statistically significant ( p < 0.01) by Student t test; compared with control of each UDP concentration. cells), and 12.5 µM of BAPTA-AM was the maximal concentration usable without producing cell detachment.
Activation of PKC Isotypes by UDP
The human astrocytoma cell line 1321N1 has been shown to express only α-, ε-, and ζ -isozymes of PKC (Post et al., 1996) . As shown in Fig. 4 , PKCα, which is dependent on both Ca 2+ and diacylglycerol (DAG), was phosphorylated after 5-min exposure of the cells to UDP (10 µM) or PMA (100 nM). This activation persisted through all the time-points tested.
The addition of UDP also increased the phosphorylation of the DAG-dependent isotype, PKCε, which was evident after only 5 min. This phosphorylation persisted for 30 min and was reduced at 60 min. Upon treatment with PMA, however, the phosphorylation of PKCε reached a peak at 30 min and persisted for 60 min.
The novel isotype PKCζ was phosphorylated in the presence of UDP within 5 min (Fig. 4) , and this phosphorylation persisted for 60 min. Thus, UDP strongly Fig. 3 . Effect of calcium modifiers on protection by UDP against TNFα-induced cell death in P2Y 6 -1321N1 cells. The cells were pretreated with BAPTA-AM or dantrolene for 10 min, and treated further with TNFα for 4 h in the absence or presence of UDP. Then, old media was replaced with fresh media following washing with PBS. Cell death was observed on the following day (total of 16-h incubation). The media always contained 5 µg/mL cycloheximide. Concentrations of BAPTA-AM, dantrolene, and TNFα were 12.5 µM, 25 µM and 20 ng/mL, respectively. The degree of cell death was analyzed using a FacsCalibur instrument (Becton Dickinson). Data shown are mean ± SD from a representative result in triplicate out of three independent experiments. activated this isotype, which is known to be antiapoptotic. Consistent with the inability of PMA to activate PKCζ , our results showed that PMA did not affect the phosphorylation of this isotype. PKCδ, which was not investigated in the experiment shown in Fig. 4 , was also present in the astrocytoma cells (data not shown).
P2Y 6 -Receptor-Activated Erk1/2, but Not Akt
Erk has been considered to be involved in cell growth and/or in prevention of cell death (Sautin et al., 2001; Tran et al., 2001; Yazlovitskaya et al., 1999; Zhu et al., 1999) . We have observed that the phosphorylation of Erk increased within 5 min after the addition of UDP to P2Y 6 -1321N1 cells, and this effect persisted for 1 h (Fig. 5) . Akt is well documented as an antiapoptotic protein, and its activation has been linked to many G-protein-coupled receptors and growth factor receptors (Gibson et al., 2002; Hatano and Brenner, 2001; Kulik et al., 1997; Murga et al., 1998; Sautin et al., 2001 ). In our case, the addition of UDP did not increase Akt phosphorylation (Fig. 5) , suggesting that the protective effect of UDP in P2Y 6 -1321N1 cells may not occur through the PI3K and Akt pathway. In fact, the addition of LY294002 (100 µM), a PI3K inhibitor, did not affect the protection by UDP against TNFα-induced cell death (data not shown) as well as the UDP-activated Erk1/2 phosphorylation (Fig. 6 ).
The addition of GF109203X 10 min prior to the activation of P2Y 6 significantly inhibited the phosphorylation of Erk (Fig. 6) . The phosphorylation was affected to a lesser extent by BAPTA-AM (Fig. 6 ). The addition of Gö6976 (2 µM) or dantrolene (25 µM) also significantly suppressed the UDP-induced Erk phosphorylation (data not shown).
Erk Inhibitors PD98,059 and U0126 Reversed the Effect of UDP
As shown in Fig. 7 , Erk inhibitors, PD98,059 and U0126, were able to antagonize the protective effect of UDP to roughly the same degree as PKC inhibitors did. U0126 was more potent than PD98,059. In fact, we observed precipitation of PD98,059 in the aqueous media at the concentrations tested (25 and 50 µM). This insolubility may explain the lower effectiveness of PD98,059. Therefore, PKC appeared to affect the TNFα death pathway through Erk activation. As has been reported (Gardner and Johnson, 1996; Tran et al., 2001) , Erk activation seems to be important in the regulation of TNFα cytotoxicity. 
Involvement of PC-PLC as Well as PI-PLC in PKC Activation
The activation of PKC may be controlled by the activation of phosphatidyl inositol-specific PLC (PI-PLC), which has been known to couple to Gq-linked P2Y 6 receptors (Chang et al., 1995; Nicholas et al., 1996) . The PI-PLC-specific inhibitor, Fig. 6 . Effects of GF109203X, BAPTA-AM, and LY294002 on UDP-induced Erk phosphorylation in P2Y 6 -1321N1 cells, compared to PBS control. The cells were pretreated for 30 min with 2 µM GF109203X, 12.5 µM BAPTA-AM, and 100 µM LY294002. UDP (10 µM) was added for 0 and 5 min, and then proteins were extracted and applied to immunoblotting as described in experimental procedures. A total of 30 µg of protein was applied to each lane. Fig. 7 . Effect of Erk inhibitors on protection by UDP against TNFα-induced cell death in P2Y 6 -1321N1 cells. The cells were pretreated with U0126 or PD98,059 for 10 min, and further treated with TNFα for 4 h in the absence or presence of UDP. Then, old media was replaced with fresh media following washing with PBS. Cell death was observed on the following day (total of 16-h incubation). The media always contained 5 µg/mL cycloheximide. Concentrations of U0126, PD98,059, and TNFα were 25 µM, 25 µM and 20 ng/mL, respectively. U0126 or PD98,059 alone inhibited the phosphorylation of Erk (data not shown). The degree of cell death was analyzed using a FacsCalibur instrument (Becton Dickinson). Data shown are mean ± SD from a representative result in triplicate out of three independent experiments. * Statistically significant ( p < 0.01) by Student's t test; compared with control of each UDP concentration. U73122 (2 µM), partially antagonized the effect of UDP, as indicated by the cell death ratio (Fig. 8) , implying that PI-PLC is upstream of PKC in P2Y 6 receptor signaling. Interestingly, D609 (100 µg/mL), an inhibitor of phosphatidyl-choline-specific PLC (PC-PLC), antagonized the protective effect of UDP against TNFα-induced cell death to a greater extent than U73122 did. As shown in Fig. 9(A) , UDP-induced phosphorylation of each PKC isotype (α, ε, and ζ ) was significantly inhibited by D609 as well as by U73122. U73122 showed stronger inhibition of PKC phosphorylation than D609. These two PLC inhibitors, however, did not affect the UDP-induced Erk phosphorylation (Fig. 9(B) ).
DISCUSSION
Our results demonstrated that the activation of P2Y 6 receptors in 1321N1 astrocytes activated PKC, which appeared to control Erk phosphorylation and to be responsible for the antiapoptotic effect of this receptor. It is interesting that PI-PLC Fig. 8 . Effects of PLC inhibitors on protection by UDP against TNFα-induced cell death in P2Y 6 -1321N1 cells. The cells were pretreated U73122 or D609 for 10 min, and treated further with TNFα for 4 h in the absence or presence of UDP. Then, media was replaced with fresh media following washing with PBS. Cell death was observed after a 16-h incubation. The media always contained 5 µg/mL cycloheximide. Concentrations of U73122, D609, and TNFα were 2 µM, 100 µg/mL and 20 ng/mL, respectively. The degree of cell death was analyzed using a FacsCalibur instrument (Becton Dickinson). Data shown are mean values ± SD from a representative result in triplicate out of three independent experiments. * Statistically significant ( p < 0.01) by Student's t test; compared with control of each UDP concentration.
and PC-PLC also seemed to play an important role in the antiapoptotic effect, but they did not affect Erk. Although the importance of Erk for cellular proliferation and survival has been suggested (Leirdal and Sioud, 2000) , its regulation appears to be dependent on the cell system being examined.
In U937 monocytic cells the P2Y 2 receptor agonist UTP induced the phosphorylation of the MAP kinases MEK1/2 and Erk1/2 in a sequential manner, and this process was coupled to PI3K and c-src, not to PKC (Santiago-Perez et al., 2001) . In that report, the phosphorylation of Erk1/2 was independent of the ability of P2Y 2 receptors to increase the concentration of intracellular-free calcium, since chelation of intracellular calcium by BAPTA-AM did not diminish the phosphorylation of Erk1/2 induced by UTP. However, in P2Y 6 -1321N1 astrocytes GF109203X affected the UDP-induced phosphorylation of Erk as well as cell death ratio (Figs. 2 and 6 ). BAPTA-AM and dantrolene also diminished the Erk phosphorylation. When Erk phosphorylation was activated through muscarinic receptors in 1321N1 astrocytes, the addition of BAPTA-AM (2, 10, or 50 µM) was reported to significantly inhibit the carbachol-induced phosphorylation of Erk (Yagle et al., 2001) . This suggested Fig. 9 . Effect of PLC inhibitors on phosphorylation of PKC subtypes (A) and Erk1/2 (B). The cells were pretreated for 30 min with 2 µM U73122 or 100 µg/mL D609 GF109203X, and then UDP was added for the indicated time. Proteins were extracted and applied to immunoblotting as described in experimental procedures. A total of 45 µg (A) or 30 µg (B) of protein was applied to each lane. The PLC-inhibitors alone in non-UDP-treated cells had no effect (data not shown).
that muscarinic receptors could increase the proliferation of 1321N1 cells through Erk activation.
In rat aorta smooth muscle cells, UDP induced thymidine incorporation, which was significantly attenuated by 1 µM of U73122 (Hou et al., 2002) . Therefore, PI-PLC was suggested to be important in the action of UDP as growth factor. But Neary et al. (1999) observed the inhibition of ATP-stimulated Erk neither by 10 µM U73122 nor by 30 µM BAPTA-AM, although they found that D609 inhibited ATP-stimulated Erk. In the present study, two forms of PLC, both PI-PLC and PC-PLC, appear to be involved in the protective effect of the P2Y 6 receptor in 1321N1 astrocytes. Nucleotides, including UDP, have been demonstrated to act as growth factors in vascular smooth muscle cells (Erlinge et al., 1998; Harper et al., 1998; Hou et al., 2002) . P2Y receptors in thyroid FRTL-5 cell, the Erk activation following agonist treatment increased thymidine incorporation and DNA synthesis, demonstrating growth control effects of the receptors (Ekokoski et al., 2001) . Since many growth factor receptors induce Erk activation and the activated Erk has been shown to be essential to cell proliferation, differentiation, or survival, the rapid increase of Erk phosphorylation by UDP by UDP in P2Y 6 -1321N1 astrocytes might contribute to growth factor-like effects. The effects of P2Y 6 receptor activation on proliferation have not yet been reported.
Both DNA synthesis and phosphorylation of MAPK in response to UTP were attenuated by tyrosine kinase inhibitors, protein kinase C (PKC) inhibitors, or removal of calcium in C6 glioma cells (Tu et al., 2000) . The P2Y 2 receptors in U937 cells activated Erk via PI3K and c-src, not by PKC (Santiago-Perez et al., 2001) . The activation of Erk by P2Y 1 was partially inhibited by LY294002 (Sellers et al., 2001) . In 1321N1 cells, however, PI3K did not seem to couple to P2Y 6 (Fig. 6) . Accordingly, with the treatment of UDP in P2Y 6 -1321N1 cells, there was no change in the phosphorylation of Akt (Fig. 4) , a serine-threonine kinase that controls an intracellular pathway to prevent cell death (Dudek et al., 1997; Gao et al., 2001; Kulik et al., 1997; Marte and Downward, 1997; Murga et al., 1998; She et al., 2000) . ATP had similar effects in uterine artery endothelial cells from pregnant ewes, i.e., no stimulation of Akt phosphorylation but rapid Erk activation (Di et al., 2001) .
The cytotoxic effect of TNF is pronounced when the cell is activated by cycloheximide (Higuchi et al., 1995; Li et al., 2001; Woods and Chapes, 1993) , which is probably due to the inhibition of transcription of survival factors following NF-κB activation (De Smaele et al., 2001; Tang et al., 2001) . The proapoptotic JNK signaling was downregulated by the induction of recently identified genes, gadd35β and xiap, which are expressed in response to TNF in an NF-κB-dependent way (Kyriakis, 2001) . The protective effect of UDP may not be related to those anti-JNK proteins, because in our study the media always contained cycloheximide. Paul et al. (2000) have reported that P2Y 4 receptors in EAhy926 endothelial cells inhibited TNFα-induced SAPKinase activities in a cell-type-specific manner. It is interesting that UDP increased the phosphorylation of JNK in P2Y 6 -1321N1 astrocytes (data not shown). Since no cell death occurred upon exposure of the astrocytes to UDP, JNK activation by UDP did not seem to be proapoptotic. The physiological role of the JNK activation remains unknown. Recombinant P2Y 1 receptors expressed in 1321N1 cells activated SAPK and ERK, and induced apoptosis (Sellers et al., 2001) . In rat mesangial cells, the activation of P2Y receptors by ATP and UTP stimulated JNK by a pathway independent of PKC but requiring a pertussis-toxin-sensitive G-protein and tyrosine kinase activation (Huwiler et al., 1997) .
In smooth muscle cells (Hou et al., 2002) , the signal from P2Y 6 receptors was transmitted via PKCδ, on the basis of several PKC inhibitor studies. In P2Y 6 -1321N1 cells, however, we have found that at least three PKC isotypes (α, ε, and ζ ) were activated by UDP, and PKC inhibitors, Gö6976 and GF109203X, antagonized the protective effect of UDP (Figs. 2 and 4 ). In the case of primary astrocytes obtained from neonatal rat cerebral cortices (Neary et al., 1999) , ATP activated the PKCδ isotype, which was suggested to be responsible for the activation of Erk. Yagle et al. (2001) reported that the ε isozyme of PKC was primarily involved in MAPK activation by carbachol in 1321N1 cells. UDP increased [
3 H]thymidine incorporation in vascular smooth muscle cells through the activation of PKCδ isotype following P2Y 6 receptor activation (Hou et al., 2002) . Leirdal and Sioud (2000) suggested that PKCα regulated the activation of Erk1/2 in human glioma cells involving cell survival and gene expression. PKC ζ was also proposed to be important to cell proliferation and survival (Smith et al., 2000) . In P2Y 6 -1321N1 cells, UDP activated all three types of PKC: Ca 2+ /DAG-dependent, DAG-dependent, and novel PKC. Since the calcium modifiers did not alter the protective effects of UDP, PKCε appeared to be more important in cellular protection, while Erk phosphorylation by UDP may in principle be controlled by other isotypes. In primary cultured rat astrocytes, the activated PKC isotype was involved in the activation of Erk (Neary et al., 1999) . Tran et al. (2001) reported that the inhibition of death-receptor-mediated Erk1/2 activation was sufficient to sensitize the cells to apoptotic signals. Erk1/2 had a dominant protecting effect over apoptotic signaling from the death receptor. Therefore, in P2Y 6 -1321N1 cells, activation of Erk by UDP appeared to play an important role in cell protection against TNFα-induced cell death when it was not controlled by PLC.
In summary, it is suggested that P2Y 6 receptors in 1321N1 cells are coupled to both PC-PLC and PI-PLC, which protect cells against TNFα-induced apoptosis through the activation of PKC isotypes. Activation of the P2Y 6 receptors also stimulates Erk, which is controlled by PKC, and is a partial factor in the cell protection by UDP against TNFα-induced cell death.
